Eighty-eight types of mitochondrial (mt) DNA were found by sequencing the most variable part of the control region from 117 Caucasians. In the tree relating those types, most of the branching events occur about two-thirds of the way from the root of the tree to the tips of the branches. Moreover, the distribution of sequence differences between all possible pairs of individuals is approximately Poisson. Other non-African populations show a similar pattern. Assuming a neutral model, these findings imply that the probability of survival of new lineages has undergone dramatic changes, probably due to population expansion. Conversely, African populations show multimodal distributions fitting with a model of constant population size.
Owing to its fast evolution and maternal mode ofinheritance, mtDNA can provide knowledge of genetic relationships among closely related individuals (1, 2) . This approach has been used to suggest that all present-day mtDNA variation in humans can be traced back to a common ancestor who probably lived in an African population (3) (4) (5) . We now show how the analysis of human mtDNA can give further insight into the evolutionary histories of populations. This advance has been made possible by the accumulation of sequences from the most variable part of mtDNA (4) (5) (6) (7) , by analyses suggesting that most of the variation in mtDNA is selectively neutral (8) (9) (10) , and by the consequent development of theoretical methods for estimating such parameters as the size and growth rate of a population (refs. 11 and 12; M. Slatkin and R. Hudson, personal communication).
The present article applies one of these methods to the study of the demographic histories ofhuman populations. We present sequences for 117 individuals, mainly from Sardinia and the Middle East.t These sequences allow us to analyze the branching pattern in the genealogical tree and the distribution of pairwise sequence differences between individuals. The Sardinian and Middle Eastern patterns are then compared to those obtained from other populations (refs. 4, 5, and 10; R. Ward, B. Frazer, K. Dew, and S. Paabo, personal communication). Based on these patterns, theoretical expectations generated under the assumption of neutrality and different demographic conditions allow us to infer trends of population size through time for African and non-African populations.
MATERIALS AND METHODS Population Samples. Sixty-nine placentas were collected in five maternity hospitals (Cagliari, Nuoro, Oristano, Ozieri, and Sassari) in Sardinia and the geographic origin of each sample was ascertained by the place of birth of the grandparents. The sampling strategy was designed to represent almost all linguistic areas except for one representing a recent foreign settlement (area 22). Sardinia was divided linguistically into 22 areas (14) , which were grouped into five zones that are considered to be genetically homogeneous (15) ; zones A, B, C, D, and E include areas 1-2-3, 4-5-6-10, 7-8-9-11-12-13, (19) . At least 100 equally parsimonious trees were analyzed by computing the consensus tree and the frequency of each grouping; this allows us to identify the features common to all trees of the same length. Distance trees were built with the neighbor-joining computer program (20) . The extent of substitution inferred to have occurred during the evolution of any two sequences is termed sequence divergence.
RESULTS
mtDNA Variation in Sardinia and the Middle East. The most variable part of human mtDNA is the control region, the *To whom reprint requests should be addressed.
tThe sequences reported in this paper have been deposited in the GenBank data base (accession nos. M58058-M58144).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Fig. 1, position 1 being at the bottom of the tree. The zones in Sardinia where types 1-46 occur are described in the text. The types are numbered as in Table 1 . To test whether the low degree of type sharing between individuals from different populations is significantly different from random expectation, we calculated the probability of picking at random two individuals from the same population as the square of the relative size of the population sample and the probability of picking two individuals belonging to different populations as twice the product of the relative size of each population sample. These probabilities multiplied by the number of pairs of individuals with identical types were compared to the observations. The difference between the expected and observed number of pairs is highly significant (P < 0.0001, x2 test).
*Individual of Greek descent. major noncoding region, which regulates transcription and replication. Variable sites are unevenly distributed in this 1122-bp region (6, 7); indeed, a segment spanning the first 400 bp contains most of the polymorphisms (64%). This segment was amplified and sequenced directly in 69 Sardinians, 42 Middle Easterners, and 6 other Caucasians from southern Europe. Eighty-eight different types were identified and differences among them are evident at 79 variable sites ( Table  1) .
Twelve of these types were shared by more than one individual ( Table 2 ). The geographic pattern of sharing agrees with expectations based on the assumption that Mediterranean and Middle Eastern populations stem from an ancestral population that lived in prehistoric times and that the Sardinian population originated mainly by migration from the south European mainland 9000-6000 years ago (21, 22) . Neither within Sardinia nor within the Middle East did we find any correlation between shared types and geographic locations; thus, these populations have no geographic structuring at our level of resolutionA
The low extent of sharing of types between Sardinia and the Middle East attests to the high resolving power of the sequencing approach and is consistent with the hypothesis of their divergence from a common ancestral population in prehistorical times. During that period, mtDNA mutations have accumulated so that few types in Sardinia remain identical with their counterparts in the Middle East. The existence of two types that are shared between these geographic areas could obviously reflect later (i.e., historical) migrations (15, 22) , but recourse to the latter explanation is not necessary.
Nonrandom Branching Pattern in the mtDNA Tree. A tree relating the 88 mtDNA types is shown in Fig. 1 . This tree is accounted for by 148 events; they are all base substitutions except for a single base deletion. As would be expected ofa tree The boxes at the ends of the lineages refer to Sardinians and Middle Easterners; the other individuals are not labeled. The tree is rooted with the published sequences ofcommon and pygmy chimpanzees (7, 29) ; the outgroup is not shown. The three twigs showing more than one symbol are the types shared by individuals from different geographic areas. A neighbor-joining tree rooted by the midpoint method exhibits a similar topology. Thick lines show the cluster of lineages with the highest incidence of branching. The transition-totransversion ratio among the inferred substitutions is 20:1. The average consistency index excluding uninformative sites is 0.414, implying that each informative site has changed approximately 2.5 times, on average; the number of inferred substitutions per site ranges between' 0 and 6, sites 70 and 166 showing the highest variability. There are four reasons for multiple changes at many sites: (i) the large number of sequences compared, (ii) the generally'high evolutionary rate in this part of the control region, (iii) rate variation among sites, and (iv) the tremendous bias toward transitions, which are more likely than transversions to produce parallelisms and reversals (30) .
for related populations, few clusters of lineages are specific to one population. Thus, the proportion of types from a given population having their nearest relative only in the same population is as low as 37%. In other words, each population stems from multiple lineages that existed in the ancestral population. Accordingly, the other Caucasians are also scattered in the tree. Moreover, the positions of these six Caucasian types with respect to one another in the restriction mapping tree (3) coincide with those in the present tree.
The most remarkable feature of this tree is the nonrandom pattern of branching; in fact, most branches in the tree originate in a narrow interval of sequence divergence about two-thirds of the way from the root to the tips of the tree. Fig. 2 shows the frequency distribution of branch points through each interval of average sequence divergence. The peak at the 0.50-0.75 level of percent sequence divergence suggests that the probability of survival of new mtDNA lineages changed dramatically during the evolution ofmodem humans (11) . Frequency Distributions of Pairwise Sequence Differences. To check on this point, we looked at a distribution that does not depend on tree analysis, namely the frequency distribution of sequence differences between all possible pairs of individuals within each population. Both the Sardinian and the Middle Eastern populations exhibit distributions with a peak that is slightly to the left ofcenter between the maximum and the minimum sequence difference (Fig. 3) . Whereas the mode varies in a narrow range between 4 and 7 substitutions, the range of pairwise differences is from 0 to 15 on average. These distributions were compared to those calculated from sequences obtained by other workers from other populations. A striking similarity is evident among the distributions from non-African populations in that they are all unimodal and in reasonable agreement with a Poisson distribution, for which the mean is similar to the variance (Fig. 3 ). Orrego and King (13) observed such a distribution in another group of Caucasians.
African populations, however, show different patterns, with two or more modes, in significant disagreement with the Poisson distribution (P < 0.0001). In addition, the range of sequence differences is wider in Pygmies, in agreement with the finding of the deepest human lineages within Pygmy populations (10) .
DISCUSSION
In principle, there are three ways of explaining the burst of branching in the Caucasian mtDNA tree (Fig. 1) and the approximately Poisson distribution of pairwise mtDNA differences in Caucasians and other non-African populations. The first two explanations assume that the differences among mtDNA variants are the result of neutral mutations (8) (9) (10) . The third explanation invokes the action of positive selection on an advantageous mtDNA type.
The first explanation is that the non-African populations underwent a short period of fast growth and geographic expansion. When a population is constant in size each female is replaced on average by one female descendant in each generation; hence, the number of mtDNA lineages remains approximately constant through time. On the contrary, in a growing population each female can be replaced by more than one female and the number of mtDNA lineages increases; thus, the variation that is constantly produced has a higher probability of being retained in the population. In other words, the stochastic loss of lineages declines in a growing population and the frequency of new branch points (per unit time) in the tree increases (11) . The observed peak of branch points as well as the unimodal distribution of pairwise sequence differences could reflect a sudden increase in the probability of survival of mtDNA lineages due to a burst of population growth. In light of the hypothesis that the common ancestry of all present-day mtDNAs was African (3, 4, 7, 10) , this event could be associated with the exodus of an African propagule and its quick expansion into the rest of the world.
The second explanation is that non-African populations have been growing exponentially at a constant slow rate throughout their history outside Africa. John Brookfield pointed out to us that this would result in a distribution of pairwise differences with a prominent peak. Brookfield's equation
Pt= 1 e-(e"-l)rN [1] shows how P., the probability of observing two haploid individuals having an ancestor within the last t generations, depends on N, the population size now, and r, the population growth rate. A notable property of this equation is that there is a narrow interval of time in which most of the P values fall. P, changes from almost 0 to almost 1 in a small range of t values around t = r-1(ln rN). [2] For the r values that are thought to have applied to hunter-gatherer cultures during most of their history (31), namely r 0.005 excess progeny per individual per generation, this t value is roughly 3000 generations-i.e., 60,000 years ago. Once the rate of sequence divergence for the control region is known accurately (cf. ref. 7) , it will be possible to compare this t value to that estimated from the peak in the distribution of pairwise sequence differences (Fig.  3) . In addition, M. Slatkin and R. Hudson (personal communication) have shown by computer simulation that an approximately Poisson distribution of pairwise sequence differences is expected for growing populations. Moreover, the corresponding branching pattern predicted by the computer simulation is a star-like phylogeny where most branch points are clustered into a narrow range of sequence divergence. On the basis of this theoretical expectation, it seems impossible to distinguish between explanations 1 (an episode of fast growth)'and 2 (a constant growth rate) for non-African populations.
By contrast, simulations of populations with constant size showed non-Poisson distributions, usually with more than one peak (M. Slatkin and R. Hudson, personal communication). This finding agrees, on the one hand, with the expectation based on Eq. 1 that when r = 0 Pt = 1 -CtI/N. [3] Thus a geometric decline in frequency would be expected as the pairwise difference rises, as pointed out by Avise et al. (12) . On the other hand, M. Slatkin and R. Hudson (personal communication) observe a geometric decline only when the results of many simulations are averaged. The geometric decline is usually not evident for a given population because the tree topology varies greatly from population to population and imposes large deviations from the geometric expectation. These findings make it seem unlikely that African populations have been growing, and we suggest that they are the result of a nearly constant population size.
Hence, there are two likely scenarios of demographic growth and geographic expansion of the non-African population as opposed to the ostensibly constant size of African populations. Both these scenarios agree with the model of an African origin for modern humans (3-5, 7) and a subsequent expansion to the rest of the world. The pattern observed in African populations could also represent the relics of an expansion event whose record has been erased through time by subsequent population reduction. Indeed, according to an African origin hypothesis, the pattern typical of population growth should have persisted longest and be most extreme in those populations that are more distant from the sub-Saharan source. It is therefore noteworthy that the number of differences for the peak decreases from 7 to 4 in the order (i) Middle Easterners, (ih) Japanese and American Indians, and (iii) Sardinians; the relative positions of the peak in these nonAfrican populations are in agreement with their geographic distance from sub-Saharan 'Africa or with their time of colonization (21, 22) .
The third explanation is that the non-African populations experienced strong selection on that mtDNA type which is marked by the solid circle in Fig. 1 . Although this explanation cannot be ruled out, we mention two reasons for considering it unlikely. First, the lineage that underwent explosive branching in non-African populations did not branch explosively in Africa (10) . Second, neutrality tests (9) imply that the control region variation observed in all non-African populations except Sardinians could be neutral. Moreover, previous comparisons of restriction maps indicated that most surviving mutations in the mtDNA genome of human populations are neutral (8) .
It is important to devise ways of distinguishing among these three explanations. The Y chromosome may prove to be valuable in this connection. If the third explanation is correct, the Y tree should not exhibit peaks coinciding temporally with those in Figs. 2 and 3 . Efforts are therefore needed to find large single-copy regions ofthe Y chromosome that have evolved quickly enough by base substitution (and without recombining with the X chromosome) to permit genealogical resolution on the mitochondrial time scale.
